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Discovery of a z = 6.17 galaxy from CFHT and VLT observations * 
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Abstract. We report the discovery of a galaxy at a redshift z = 6. 17 identified from deep narrow band imaging and spectroscopic 
follow-up in one of the CFHT-VIRMOS deep survey fields at 0226-04. In addition to the existing deep BVRI images of this field, 
we obtained a very deep narrow band image at 920 nm with the aim of detecting Lya- emission at redshift ~ 6.5. Spectroscopic 
follow-up of some of the candidates selected on the basis of their excess flux in the NB920 filter was performed at the VLT-UT4 
with the FORS2 instrument. For one object a strong and asymmetric emission line associated with a strong break in continuum 
emission is identified as Lya- at z = 6.17. This galaxy was selected from its continuum emission in the 920 nm filter rather than 
for its Lya emission, in effect performing a Lyman Break detection at z = 6.17. We estimate a star formation rate of several 
tens of M .yr~' for this object, with a velocity dispersion ~ 400 km.s~'. The spectroscopic follow-up of other high z galaxy 
candidates is on-going. 
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1. Introduction 

Recent observations of galaxies at redshifts > 5, and more 
recently > 6 have been reported. These observations follow 
a well defined observing strategy based on Lyor searches at 
increasin g wavelengths in low OH emission sky windows 
(see e.g.lHu et alJl2002t ICubv et allEooi iRhoads et al.ll2003t 
Kodai ra et al . 2003; Lilly et al.l2 003) and / or on Ly man Break 
detection in the RIz bands (e.g. Lehnert & Bremer 2003). The 
Sloan Digital Sky Surve y has in the meantime unveiled a large 
number of z > 5 QSO's fern et all 19991 1 Anderson et all200lb 
from Lyman break detection. 

These recent observations have generated extensive de- 
bates in the literature regarding a possible reds hift of the re- 
ioniza ti on of the Univ e rse at z » 6 (see e.g. [Becker et alJ 
fcOO lb : iHu et all fe002b : Lehnert & BremeJ J2003b and refer- 
ences t herein). In February 2 003 the publication of the WMAP 
results (Benn ett et al.l l2003) has shed new light on the early 
epochs of the Universe, in particular in dating the epoch of the 
re-ionization at 11 < z < 30. This suggests that the current 
observational limit at z w 6.5 corresponds to an epoch signif- 
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icantly beyond the re-ionization period and that previous fail- 
ures and recent success in detecting z > 6 objects are due to the 
evolution of the search techniques more than to the ionization 
state of the IGM at this redshift. However various models of 
the re-ionization phases of the Universe by massive stars, mini- 
quasars or neutrinos allow to reconcile the z ~ 6 Gunn-Pet erson 
trough observations with the WMAP data (iHaiman & Holder 
20031 lHansen & Haimanl 120031 Icell2003b . The detectability 
of the Lya emissio n line for a ga laxy embedded in a neutral 
IGM is discussed in Haiman (2002). 

We report in this letter the discovery of a z = 6.17 galaxy 
discovered from Narrow Band imaging performed at CFHT 
and follow-up spectroscopy at the VLT. In section|3]we present 
the observations and in section [3] the results which are briefly 
discussed in section^ 

We assume in the following a cosmology based on the 
most recent values derived from WMAP data, i.e. H Q = 71 
km.s^'.Mpc -1 , Qmatter = 0.27 and a flat Universe. 



2. Observations 

2.1. Imaging and Object Selection 

We have obtained deep Narrow Band imaging at 92 nm 
with the CFH12K CCD mosaic JCuillandre et alj EoOO) dur- 
ing 4 nights in November 2001. The selected field at 0226- 
04 is one of the VIR MOS-VLT Deep Survey (VVDS) fields 
jLe Fevre et alJ EoOlb for which deep photometric catalogs 
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from broad band B VRI data obtained with the same instrument 
were already available. The existing BVRI data reach limiting 
magnitudes of Ia r-25.3 for a 3 <x detect ion in a 3 arcsecond 
circular aperture ( McCracke n et al .120031) . The field of view is 
28'x 42' with 0.2" sampling. Conditions were photometric. In 
total 20 hrs of integration were accumulated at a median air- 
mass of 1.22 with individual exposure times of 900 s. 

The NB920 filter was designed with a central wavelength 
920 nm and a 10 nm bandwidth to match a region of low sky 
emission between OH lines. The measured background level 
was ~ 1 e".s _1 .pixel _I providing background limited observa- 
tions. The resulting image quality on the combined image is ~ 
0.8" with some slight image elongation (~ 10%) due to oscil- 
lations of the declination axis of the telescope. 

The 80 dithered images were centered and stacked after 
standard pre-processing: bad pixel masking, dark correction 
and (twilight) flat-fielding and fringe subtraction. The stacked 
image was then distortion corrected, astrometrically calibrated 
and matched to the BRVI images of the field. Some residual 
fringing persisted, which was further removed chip by chip by 
a 50 order spline 3 fitting. 

Object detection on the NB920 image was then performed 
chip by chip with SExtractor ( Bertin & Arnouts 1996). Careful 
visual inspection allowed to further remove false detections, 
in particular in the regions of poor cosmetic quality and / or 
of overlap between the chips of the mosaic. For all remaining 
obje cts the photometry of the y 2 BVRI VIRMOS detection im- 
age ( McCrac ken et alJl2003l) was measured using DAOPHOT 
under IRAF. The final selection was performed by keeping all 
objects for which the BVRI flux was below an arbitrary low 
level. Thumbnails of the fields around each candidate were ex- 
tracted and visual inspection further allowed to remove remain- 
ing false and / or ambiguous detections. 

2.2. Spectroscopy 

Spectra of some candidates were obtained at the VLT with 
FORS2 using the 19 movable slitlet capability of the instru- 
ment, with slit widths of 2" and a pixel scale of 0.25". The 
seeing conditions were in average of the order of 0.8-1.0". 
In total, 3 fields and approximately 30 candidates were ob- 
served in a combination of service and visitor mode obser- 
vations from November 2002 to January 2003. The combi- 
nation of a MIT/LL CCD mosaic with a holographic grism 
provides extremely good performance up to 1 fj.m with little 
fringing. The setup used provides a reciprocal dispersion of 1 .6 
A.pixeL 1 giving a spectral resolution in the range 700-1400 
depending on the size of the objects through the 2" slits. 

Observations on each field consisted of 1 .9 hr of integration 
time split in 6 exposures with dithering along the slits. After flat 
fielding, running skies were generated for each frame from the 
5 other frames. The sky subtracted frames were then distortion 
corrected, registered and stacked, and sky line residuals were 
removed by column fitting. 

One target was clearly identified on the resultant 2D com- 
bined images as a high redshift galaxy by the presence of a 
strong, asymmetric emission line and a strong continuum break 




Fig. 1. Thumbnail images of the field of view in BVRI, 920 nm 
images around the target. 'Det' indicates the x 1 co-added de- 
tection image constructe d from the BVRI images of the field 
dMcCracken et alJl2003l) . The thumbnails are 20" on a side. 
East is right, North is up. 



across the line. The total spectral coverage for this object is 
762-1091 nm. The emission line lies at shorter wavelength than 
in the expected 920 nm window: the relatively strong contin- 
uum caused instead this object to be detected in the NB920 
image and be selected for its continuum Lyman break. 

Results for this particular object are presented in this letter, 
while the analysis of the imaging and spectroscopic data for the 
full sample will be presented in a subsequent paper. 

3. Results 

3.1. Imaging 

Figure^shows BVRI and NB920 thumbnail images around the 
object. The object is unresolved at the spatial resolution of the 
image (~ 0.8"). 

Flux calibration was performed on a number of standard 
fields, SA111, SA113 and MarkA. In total 9 stars were used 
in the 3 fields to derive the photometric zero point at 920 nm. 
Furthermore, 2 of these 3 fields were dithered across the mo- 
saic, allowing to characterize the sky concentration and scat- 
tered light patterns and to construct a photometric superflat 
correction map. The 920 nm magnitudes were derived by an 
ad' hoc extrapolation of the BVRI magnitudes of the 9 stan- 
dard stars leading to I band magnitude corrections of + 0.1 
to 0.5. In spite of the uncertainties associated to this process, 
the resulting statistical errors turned out to be < 0.1 magni- 
tude peak to peak. The measured magnitude for the object is 
NB920 = 23.77, corresponding to a flux density of ~ 2.6 10~ 19 
ergs.s _1 .cm _2 .A . 

3.2. Spectroscopy 

Figure|2]shows the 2D spectrum of the galaxy as observed with 
FORS2. The total absence of continuum detection blueward of 
the line is consistent with the non detection of the object in 
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Fig. 2. 2D spectrum. The emission line is clearly visible, with its asymmetric profile, and the continuum is visible throughout the 
920 nm OH free window. Wavelength increases linearly to the right from 857 to 955 nm. 





Wavelength (nm) 



Fig. 3. Extracted spectrum in the range [760-1000] nm, with a 
close-up view of the emission line in the range [868-877] nm. 
The sky spectrum is shown in arbitrary logarithmic units. 

the R image. The non detection in the I band image is further 
discussed below. 

Flux calibration was done from observation of a standard 
star (LTT3218) observed through a 5" aperture located at the 
center of the field of view of the instrument and covering the 
spectral range 73 1 - 1 059 nm. The spectral range common to the 
object and the standard star is therefore [762-1059] nm. The 
resulting flux calibrated spectrum is shown on figure[3] 

The line peaks at 872.3 nm. We measure a line intensity 
of 3.9 10~ 17 ergs.s .cm -2 with a cumulated error (slit losses, 
spectrophotometric calibration, measurement errors and signal 
to noise) estimated to be less than 20% (3cr). 

The continuum, although at a S/N ~ 1 per pixel could be 
estimated with good accuracy by fitting the spectroscopic 2D 
frame (figure |5J along the dispersion direction in selected low 
noise windows (before and after the line). 

We measure a mean flux density of 0. + 3 10~ 20 
ergs.s _1 .cm _2 .A _1 (3 cr) in the range 809-828 nm and ~ 2.4 + 
0.6 10~ 19 in the range 914-928 nm (corresponding to the NB 
filter), in excellent agreement with the CFH12k NB920 pho- 
tometry. The amplitude of the continuum break across the 
emission line is therefore > 8 or > 2.3 magnitudes. 

We have examined several possibilities for the emission 
line: Ha at z=0.329, [Oil] at z= 1.340 or z=6.17 for Lya. The 



identification with Lya is the most likely on the basis of the 
following arguments. 

First, the strong continuum break across the line is only 
compatible with Lya. We have examined a compl ete set of 
simulated spectra produced with GISSEL (Bruzual & Chariot 
1 19931) . spanning a range of burst age from 0.01 to 12 Gyr, and 
metallicities from 0.004 to solar. The amplitude of the contin- 
uum break never exceeds 1.8 magnitude for [Oil] and only for 
models with old stellar populations unlikely to exhibit [Oil] in 
emission, it is 0.2-0.3 magnitude around Ha while it can easily 
exceed 2-3 magnitudes around Lya. 

Second, the equivalent width at rest also favors identifica- 
tion with Lya. From the averaged continuum under the line we 
derive rest frame equivalent widths of ~ 50 A for Lya, 150 A 
for [Oil] and 270 A for Ha. A value of 150 A is at the extreme 
end o f the distribution for [Oil] at redshifts ~ 1 t lHammer et alJ 
Il997h . a value of 270 A has n ever been observed for Ha at low 
redshifts JTresse et alJll996l). while the value for Lya is quite 
common at high re dshifts JSteidel et aDll999t iHu et allEool 
iRhoads et all2003l) . 

Finally, the line is clearly asymmetric (see figure^, as typ- 
ical of Lya at high redshifts with a sharp fall-off in the blue due 
to interstellar and / or IGM absorption. 

We conclude that the most likely identification of the ob- 
served emission line is Lya at z ~ 6.17, by slightly underesti- 
mating the redshift derived from the line peak to account for a 
likely typical distortion of the Lya line on its blue side. 

The observed line width is 13 A. Since the object is not 
resolved in imaging (in the UV continuum above Lya), we as- 
sume that the instrumental profile is given by the seeing disk, 
i.e. ~ 0.8" as measured across the trace of bright objects in the 
same frame. This leads to a velocity dispersion ~ 400 km.s" 1 . 

From the flux measurements above, we can verify a poste- 
riori the integrated I band magnitude for this object. Assuming 
that the continuum level is constant above the Lya line and nil 
below, and taking into account the decrease in CCD quantum 
efficiency across the I band we derive that our object should 
have a magnitude Iab ~ 25.9 through the I filter of CFH12k, 
magnitude for which the completenes s limit of our I band im- 
age is ~ 50% JMcCracken et alJ2003h and this confirms a pos- 
teriori that this object could indeed be below the detection 
threshold in the I band (see figure^. 

The measured properties of our object are summarized in 
tabled 

4. Discussion 

Observation of objects at the highest redshifts is critical for our 
understanding of the formation and evolution of the galaxies 
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Table 1. Properties of our 6.17 galaxy. M; rest frame, "k observed frame 



Alpha 


Delta 


NB920 


Lya 121 


FWHM 


EW L1J 


F(Lyff) 121 


F(127.5.-129.4 nm) 121 


(2000) 


(2000) 


mag. 


nm 


nm [2] km.s~' 


A 


10~ 17 ergs.s^'.cnT 2 


10" 19 ergs.s^'.cm^.A -1 


02:28:02.97 


-04:16:18.3 


23.77 


872.3 


1.3 400 


50 


3.9 


2.5 



and of the early phases of the Universe. Although we examine 
only one such object, it is of interest to assess its pr operties. 

Classical estimators of the star formation rates jKennicuta 
Il998l) from the Lya luminosity (assuming case B recombina- 
tion) and UV continuum flux (although used here at shorter 
wavelengths than the recommended 1500-2800 A range) give 
for our object and for our assumed cosmology SFR(Lyo') = 
15 Mo.yr 1 and SFR(UV) = 60 Mo.yr 1 . The higher rate 
SFR(UV), albeit similar to SFR(Lya) within the uncertainties 
of the estimators, is not unusual and could reflect the effects of 
dust absorption on the Lya photons in the interstellar and in- 
tergalactic medium. This SFR is simila r to the values derive d 
from other high-z galaxy observatio ns Kodaira et alJ y003); 
iHu et alJj2002) : lRhoads et"ai1(l2003l) . 

Our measurements indicate a strong velocity field of several 
hundreds of km. s~ 1 , which might be related to the inflow of gas 
onto a recently formed, or being assembled, galaxy. As for the 
brightness of the line, it is however important to note that this 
value is a lower limit of the actual line width. 

All existing observations of high redshift galaxies indicate 
moderate to vigorous star formation r ates. The WMAP dating 
of the re-ionization of the Universe (Kog ut et alJ l2003) indi- 
cates that the first stars were born very early in the Universe, 
before the first 400 Myr. Objects ~ 0.9 Gyr old (z ~ 6.5) may 
therefore have already experienced several cycles of star forma- 
tion and metal enrichm ent, as observed in z > 6 SDSS quasars 
JPentericci et alJl2002h and 1.5 Gyr la ter at redshift 2.7 in a 
Lyman break galaxy (Pettini et al. 2002). Conversely, the high 
EW of Lya in the high-z galaxies observed so far rather point 
to low metallicity objects. The strong Lya luminosity of ~ 1.7 
10 43 ergs.s" 1 d etermined for our object may imply a young ob- 
ject dLehnert & Bremerl2003"l) . 

Short of higher S/N spectroscopy at higher wavelengths, it 
is difficult to infer the metallicity of the few high z galaxies 
known. Clearly more zJHK observations are required to better 
determine the nature and chemical composition of these dis- 
tant galaxies, and to compare them with quasars at the same 
redshifts or LBG's at lower redshifts. 

We defer to a later paper the analysis of the space density 
of high redshift galaxies based on the CFHT and VLT-FORS2 
observations of our complete sample of NB920 candidates. 

5. Conclusion 

We report in this letter the discovery of a field galaxy at redshift 
6.17 as part of a dedicated narrow band imaging search for z ~ 
6.5 galaxies. We note that our object was discovered through 
its UV continuum emission and not through its Lya- emission, 
indicating that deep imaging on 4m class telescopes can indeed 
turn out z~ 6 objects from continuum detection. 



Similar dedicated high-z galaxy searches are now consis- 
tently reporting discoveries of z > 6 objects, i.e. less 1 Gyr old 
objects, undergoing moderate to high star formation. 

Larger samples are required to understand how galaxies 
evolve through this important epoch in the life of the Universe. 
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